Fabry-Perot based filters have long been an attractive interferometric device due to its simple construction and versatility for various applications. In this paper, we demonstrate a bidirectionalpumped tunable Thulium-doped Fiber Laser (TDFL) using a voltage-controlled Fabry-Perot Etalon (FPE) filter. The filter allows a maximum tuning range of ~42.0 nm, starting from 1965.40 nm up to 2007.35 nm. The generated laser also exhibits a relatively low threshold power of ~62.57 mW and narrow bandwidth of ~0.16 nm. The tuning capability exhibits an exponential growth relationship which can be exploited for precise automatic electronic control.
INTRODUCTION
In recent years, lasers in the two-micron region have gained popularity as an interesting research subject, mainly due to its ability to strongly absorb water [1] and carbon dioxide gas [2] more than the other common near infrared fiber lasers. It is also well known to be an eye-safe laser [3] because of its water-absorbing property which makes it a potential candidate for precise biomedical surgery especially for laser eye surgery [4] . Since two-micron lasers have such high absorption coefficient for carbon dioxide gas added with being an 'eye-safe' laser, it can be exploited for use in Light Detection and Ranging (LIDAR) [5] and can also be used in the atmospheric related study [2] . Two-micron fiber laser can be generated from Thulium-or Holmium-doped fiber. However, a study by Wu et al. have reported that Thulium-based lasers have an advantage in terms of its quantum efficiency which is close to 200% [6] . This is actually the result of the cross relaxation energy transfers of Tm 3+ ions from the 3 H6 and 3 H4 levels to the 3 F4 level. Thulium-doped fibers (TDF) also have a substantially better slope efficiency than other rare earth doped fibers as it can overcome the Stokes limit [7, 8] . Therefore, Thulium-doped fiber laser (TDFL) is highly sought out as an efficient two-micron laser source. A significant improvement to the TDFL can be accomplished by incorporating a wavelength tuning device into the laser setup. Tunable TDFL has numerous application in sensing [5, [9] [10] [11] and spectroscopy [12] [13] [14] .
The simplest setup for a tunable laser employs grating based filter such as arrayed waveguide gratings (AWG) [15] and tunable bandpass filter (TBF) [16] . However, AWG and TBF is expensive and is not easily available for the two-micron wavelength region if compared with the other wavelength region, such as C-band. An electro-tunable laser is also more of an interest as it is possible to control it through direct electronic circuitry. In this paper, a bidirectional-pumped voltagecontrolled tunable TDFL is demonstrated by utilizing a Fabry-Perot Etalon (FPE) filter as the wavelength selective mechanism. FPE is an interferometer based filter and this type of filter had already been demonstrated as a reliable wavelength tuning device with wide tuning range [17] [18] [19] . Bidirectional pumping scheme is chosen for the laser setup in order to produce high pumping power and achieve high gain [20, 21] . The proposed laser has promising potential to be applied in sensing and spectroscopy. Fig. 1 Schematic diagram of the Tunable TDFL cavity.
EXPERIMENTAL SETUP
The setup for the voltage-controlled TDFL is described in Fig. 1 . Two PSL-450 1550 nm laser diodes by Princeton Lightwave are used as the input pump source with a total combined power of 457 mW. Each
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LD is connected to an optical isolator to prevent backscattering, then spliced to the 1550 nm port of a 1550/2000 wavelength division multiplexer (WDM). The 2000 nm port of the WDM is spliced to a 4-m-long Thulium-doped fiber (TDF) provided by OFS, which has a measured absorption coefficient of ~20 dBm -1 at 1550 nm and a core diameter of 5 µm. Before the ring cavity is completed, the bidirectionally pumped TDF is tested for its gain, noise figure (NF) and power scaling capability. A two-micron laser with a center wavelength of 1934.8 nm is used as the signal into the cavity. The signal is amplified in forward, backward and bidirectional configuration while their respective gain, NF and power scaling slope efficiency are compared in Fig. 2(a) and (b) . The ring cavity is then completed by inserting a 90/10 coupler that is connected after a 2000 nm isolator which ensures unidirectional propagation of light in the cavity. The 90% output of the coupler passes through an FPE filter (Model no.: TB2500M-Z26) which is connected to the 2000 nm port of another WDM to complete the cavity. The FPE filter is usually constructed by using two parallel reflecting surfaces (mirrors) that are separated by a certain distance from one another. Multiple and successive reflections of light occur between the mirrors and produce an interference fringe output by constructive and destructive interference. The distance between the internal mirrors in the FPE filter can cause a phase shift at the output. The FPE filter selected has a piezoelectric transducer which moves the mirrors position and is controlled by using a conventional power supply, which provides a stable DC voltage output, accurate up to 0.01 V. By changing the voltage input to the FPE filter, the wavelength of the laser can be tuned, following the phase shift of the FPE filter. The FPE filter is provided by JDS Uniphase and has an insertion loss of ~3.12 dB measured at 1998.0 nm. The filter has a bandwidth (BW) of 0.4 to 0.9 nm, free spectral range (FSR) of 50.0 to 85.0 nm and finnese of 90 to 130 nm. It is also noted that the FPE filter used is designed for lasers operating at 1550 nm wavelength. Regardless, since it works based on interference, the filter should theoretically be able to function with the two-micron wavelength region provided that the loss by the internal mirrors are minimal.
Finally, the 10% output of the laser is extracted for measurement of the optical spectrum and the optical power. The output is analyzed using a Yokogawa AQ6375 optical spectrum analyzer (OSA) with a spectral resolution of 0.05 nm and an S302C THORLABS Optical Power Meter (OPM). Fig. 2(a) , the gain of bidirectional pumping is the highest with a slope of 0.18 dB/mW, while for forward pumping and backward pumping is 0.13 dB/mW. On the other hand, no clear difference is seen for the NF between the bidirectional and forward pumping setup. Similar results are attained in a previous analysis by Shukla et al. [21] , and it is inferred that gain difference between the three configurations is due to the saturating effect of amplified spontaneous emission (ASE). Bidirectional pumping allows the saturation by ASE on both ends of the fiber, thus, allowing higher gain. However, this does little improvement on the noise figure of the setup. Meanwhile, the power scaling capability is shown in Fig. 2(b) whereby the bidirectional setup shows a significant improvement owing to its gain capability. The bidirectional pump allows a slope efficiency of 27% compared to 18-20% for forward and backward pump. Clearly, bi-directional pumping scheme is the better option in terms of gain and power scaling By completing the ring cavity, light starts to oscillate strongly and stimulated emission takes over. The constructed Thulium-doped fiber laser (TDFL) starts to lase at a threshold input power of 38.41 mW and a peak wavelength of 1998.85 nm. The generated laser has a high sidemode suppression ratio (SMSR) of ~57.03 dB and a 3-dB bandwidth of ~0.34 nm, as displayed in Fig. 3 . By incorporating a Fabry-Perot Etalon (FPE) filter into the cavity setup (as described in Fig. 1) , the laser can easily be tuned by varying the input voltage to the FPE filter. The full tunable spectrum is displayed in a three-dimensional (3D) plot as shown in Fig. 4 .65 nm, the laser has the highest SMSR, with a value of ~43.21 dB, which indicates that the FPE filter is optimum at that wavelength. Interestingly, the FPE filter produces a narrower laser, at an average 3-dB bandwidth value of 0.16 nm, in comparison to the initial spectrum. Fig. 3 The laser spectrum before incorporating the FPE filter.
RESULTS AND DISCUSSION

Based on
The threshold of the laser with and without the FPE filter is compared in Fig. 5 . The lasing threshold is higher after the FPE filter is inserted at an input power of ~62.57 mW, meanwhile, the laser efficiency also drops from 8.36% to 6.13%. These difference in the values can be associated with the loss introduced by the FPE filter. In comparison to a work reported by Wei at. al., the laser produced by our FPE filter is much sharper with a significantly lower lasing threshold and better laser efficiency since we use a smaller input pumping power to produce the same amount of output power [17] . In comparison to his work, our laser setup is far better in terms of laser quality i.e. efficiency, threshold, and bandwidth, attributed to the bidirectional-pumping configuration and also to the FPE filter used. To further study our tunable TDFL setup, the relationship of the tuned peak wavelengths is plotted against the voltage, as described in Fig 6 . The input voltage with the peak wavelength exhibits a good exponential curve fitting with an R 2 value of 0.9953, which is near to 1. The equation of the curve is = 2.76 /5.24 + 1959.61 (1) whereby, y is the peak wavelength and V is the input voltage. This tunable laser setup has a potential to be further improved since it is voltage-controlled. Equation (1) can be used to calibrate the electronics to control the voltage with the output wavelength, thus, the wavelength of the laser should be able to be tuned directly by using simple electronic circuitry.
CONCLUSION
In summary, an efficient tunable TDFL using a voltage-controlled FPE filter has been demonstrated. The bidirectional-pumping configuration allows a higher pumping input power for better laser operation. The tunable TDFL has a maximum range of ~42.0 nm reaching a laser peak of 2007.35 nm. The laser produced by the FPE filter has a narrow bandwidth of ~0.16 nm and a relatively low lasing threshold of ~62.57 mW with good laser efficiency. The wavelength tunability via voltage control also exhibited an exponential trend indicating a possibility as a promising candidate to be utilized as a tunable laser source for spectroscopy and sensing applications. 
